IMPORTANCE Numerous study findings suggest that the use of laparoscopy is associated with lower health care costs for many operations, including colectomy. The extent to which these differences are due to the laparoscopic approach itself or selection bias from healthier patients undergoing the less invasive procedure is unclear.
S urgeons in the United States are performing laparoscopic surgery with greater regularity. 1, 2 For colectomy, one of the most common abdominal operations, the use of laparoscopy will increase by another 40% over the next decade, 3 which is driven by many factors. Laparoscopic approaches are safer, with similar outcomes, and may also lead to lower costs due to less time in the hospital and fewer complications. [4] [5] [6] [7] [8] [9] [10] [11] [12] However, prior studies examining the differences in cost between laparoscopic and open surgery may be misleading. Most existing evidence is flawed due to selection bias from unmeasured patient characteristics (eg, more complicated patients having open surgery and straightforward cases with laparoscopy). 13 Moreover, prior studies are unable to identify the mechanisms by which laparoscopy reduces costs.
Emerging techniques, such as instrumental variable analysis, can be used to address selection bias in observational studies but have not been widely applied in health care research. Using natural variation in 1 or more instrumental variables, this method helps minimize confounding from unmeasured patient characteristics.
Using colectomy as a case study, we sought to systematically examine the association between laparoscopic surgery and Medicare expenditures using an instrumental variable approach. We hypothesized that prior studies overestimated the cost-benefit of laparoscopic surgery due to differences in patient selection. If this type of bias is present, the independent association of laparoscopy with Medicare expenditures will be attenuated in the instrumental variable analysis. Because we use the full range of Medicare payments (ie, hospital stay, readmissions, physician services, and postacute care) rather than charges known to be unreliable, we are also able to explore potential drivers of cost reduction associated with laparoscopy.
Methods

Data Source and Study Population
We used national data from the 100% Medicare Provider Analysis and Review files for the period of January 1, 2010, to December 31, 2012. The dates of the analysis were November 13 to December 10, 2016. The Centers for Medicare & Medicaid Services maintains this database using claims submitted by hospitals where Medicare beneficiaries receive care. We collected patient data, including sex, age, race, comorbidities (ie, principal and secondary diagnosis codes), procedural codes, 30-day complications and mortality, and information regarding hospital length of stay. We linked patients' records to other Medicare files containing claims relevant to the surgical episode of care. These data included durable medical equipment, home health, long-stay hospitalizations, outpatient, and skilled nursing facility claims. We selected patients undergoing colon resection using 48 .52, and 48.53). We excluded patients younger than 65 years or older than 99 years. We further excluded patients not continuously enrolled in Medicare Parts A and B at the time of operation and for the year after surgery. This study was deemed exempt from review by the institutional review board at the University of Michigan. Informed consent was not relevant to deidentified data from administrative sources.
Outcomes
Our primary outcome of interest was actual Medicare payments. In contrast to charges, payments reflect actual Medicare spending related to episodes of care. We extracted payment information for all service types for the index hospitalization. We further collected data on payments for each beneficiary up to 1 year after surgery as detailed above. Payments were grouped into categories for subsequent analyses, including total episode, index hospitalization, physician, readmission, and postacute care. Because Medicare recognizes geographic variation in spending, all payments were price standardized using previously described methods. 14 We identified complications with ICD-9-CM codes using predefined categories, including the following: renal failure (code 584), hemorrhage (code 998. . These complications represent a subset of ICD-9-CM codes with the highest sensitivity and specificity as previously described. 15 Rates of payments for services and postoperative events reported in the Results section are unadjusted.
Statistical Analysis
Baseline patient characteristics were evaluated in 2 ways. We compared characteristics between patients undergoing lapa- roscopic and open surgery as well as after stratifying patients by the median regional use of laparoscopy (23.4%). All comparisons were made by calculating standardized differences for continuous and dichotomous variables. These methods have been previously described. 16 An absolute standardized difference (ASD) exceeding 10 is indicative of statistically significant differences between comparison groups. Our primary objective was to evaluate the independent association of laparoscopy with Medicare payments. For all models, we adjusted for differences in patient illness using hierarchical condition categories. [17] [18] [19] In brief, categories are assembled from data on patient age and medical comorbidities. They were designed and validated for risk adjustment of Medicare payments, and it is the method used by the Centers for Medicare & Medicaid Services. It is considered more accurate than Elixhauser comorbidities, for example, when the outcome of interest is financial data. 18 We further adjusted for yearto-year differences in payment using categorical dummy variables. We also accounted for regional differences in payments not otherwise accounted for by price standardization using categorical dummy variables for each hospital referral region as a fixed effect. Our first analysis sought to evaluate the independent association of laparoscopic colectomy with Medicare payments using multiple linear regression models. Similar analyses have been reported in the literature, and the intent was to replicate existing estimates of treatment association to confirm generalizability of additional findings from our patient population. We next used an instrumental variable analysis to address selection bias not accounted for in the conventional multivariable analysis. 20 This analysis was necessary because we hypothesized that patients selected for laparoscopic operations may have lower payments based on clinical characteristics, such as fewer comorbidities, smaller tumors, or more favorable anatomy. If true, the financial benefits of laparoscopy would be incorrectly inflated relative to open surgery. Instrumental variable methods are an econometric technique used to balance measured and unmeasured differences in characteristics between 2 or more comparison groups. The instrumental variables must be correlated with the exposure (laparoscopy) but not associated with the outcome (Medicare payments) except through its correlation with the exposure (eFigure in the Supplement) This latter criterion is referred to as exogeneity. Our instrumental variable was regional use of the laparoscopic approach. We calculated the proportion of colon resections performed laparoscopically for each hospital referral region. To ensure that the instrument was exogenous, we excluded the hospital in which the patient received his or her operation.
Key Points
Some patients are more likely to receive laparoscopic colectomy because they received care in a region where this approach is more common. Our analysis accounts for this occurrence and was designed to compare Medicare payments between operative approaches for a patient who would be considered a candidate for either approach (ie, the marginal patient). Conceptually, this technique does not provide estimates for patients who are clearly candidates for an open or laparoscopic approach. We evaluated the instrument in several ways. First, we confirmed its correlation with our exposure, the receipt of laparoscopic colectomy (F = 430). An F statistic exceeding 10 is suggestive of a strong instrument. We confirmed that the instrumental variable approach was necessary using the Durbin-Wu-Hausman tests of endogeneity, which were statistically significant for all instrumental variable models. This finding indicates that standard multivariable regression resulted in biased estimates compared with the instrumental variable model. 20 For example, the coefficient for the first-stage residuals in a model with total episode payments as the outcome was −5546.5 (t test, −102.1) (P < .01). Results were similar for all other outcomes. Using multiple linear regression models, we observed a slight, but statistically significant, association between our instrumental variable and total price-adjusted Medicare payments. This observation is interpreted as the association of the instrument working through our primary exposure. We used a 2-stage, least squares method for our instrumental variable analysis. This method has been described and validated for financial analyses with health care data. 21 Our first-stage model assessed the association between the receipt of laparoscopic colectomy and our instrumental variable. In this model, we also adjusted for hierarchical condition categories, time (categorical dummy variable for each year), and hospital referral region fixed effects with categorical dummy variables for each region. We used the linear prediction from the first-stage model in the second-stage multiple linear regression model to generate estimates of the local average treatment effect for laparoscopic compared with open colectomy. In this setting, the local average treatment effect is the coefficient (β) for the covariate in question. It can be interpreted as the mean US dollar amount change-per-unit change in continuous variables or per the presence of dichotomous variables. For all estimates, we used bootstrapping to generate 95% CIs and the corresponding t statistics. The t statistics were generated from normal-based 95% CIs derived from bootstrapping with 1000 replications; draws were made at the hospital level to deal with clustering at that level. We then used marginal means to generate absolute estimates of Medicare payments based on surgical approach. Several sensitivity analyses were performed in an identical manner restricting the patient population by clinical diagnosis, elective procedure status, or surgeon specialty. All statistical analyses were performed using a software program (Stata, version 14; StataCorp LP). We used a 2-sided approach at the 5% significance level for all hypothesis testing.
Results
Differences in Patient Characteristics
We first compared characteristics for patients receiving laparoscopic or open colectomy. While patients were similar in age, we observed statistically significant differences in specific comorbidities, operative diagnoses, and the proportion of elective procedures ( However, once patients were stratified using our instrumental variable (regional use of laparoscopy), there were no longer any statistically significant differences in baseline patient characteristics (Table 1 ). This observation demonstrates the ability of the instrumental variable to balance patient characteristics.
Total Episode and Index Hospitalization Payments
Next, we compared estimates of Medicare expenditures for laparoscopic and open colectomy using conventional multivariable regression ( Table 2) . In these analyses, the use of laparoscopy was associated with a reduction in total Medicare payments by a mean of −$5547 (95% CI, −$5408 to −$5684; P < .01) compared with the open approach. Results were similar when examining Medicare expenditures for the index hospitalization, physicians, readmissions, and postacute care. For example, laparoscopy reduced payments for the index hospitalization by −$3419 (95% CI, −$3724 to −$3151; P < .01).
However, when using an instrumental variable analysis, the independent association of laparoscopy with Medicare expenditures was attenuated ( Table 3 ). The mean difference in Medicare expenditures for the total episode of care related to the use of laparoscopy was −$3676 (95% CI, −$2444 to −$4907; P < .01). However, for index hospitalization payments, there was no statistically significant difference between laparoscopic and open approaches (−$335; 95% CI, −$1074 to $405; P = .38).
To assess whether our results varied in specific patient demographics, we performed several sensitivity analyses. The mean association of laparoscopy with total episode payments was similar for patients undergoing surgery for cancer and benign diagnoses (Table 3) . Laparoscopy reduced total epi- a Regional use of laparoscopy, the instrumental variable, is the proportion of colectomies performed laparoscopically within a hospital referral region in a given year, excluding the hospital in which the specific beneficiary had his or her operation.
b See the Statistical Analysis subsection of the Methods section for a detailed explanation. An absolute standardized difference exceeding 10 suggests statistically significant imbalance of a covariate.
sode costs by a larger amount, on average, for elective operations (−$7661; 95% CI, −$8775 to −$6545; P < .01). In contrast, there was no statistically significant association of laparoscopy with total episode payments for urgent and emergent procedures ($2042; 95% CI, −$48 to $4132; P = .06). 48.5%, P < .01). As a result, postacute care costs were lower, on average, for patients undergoing laparoscopic surgery (−$1446; 95% CI, −$1988 to −$935; P < .01). Furthermore, laparoscopy did not lead to marked differences in Medicare payments for physician services compared with open surgery. Trends in Medicare payments for physicians, readmissions, and postacute care were consistent across various patient demographics. Finally, we sought to determine how complications modify cost savings associated with the use of laparoscopic surgery. Complications were more common after open surgery (31%) compared with laparoscopic surgery (16.3%) (P < .01). Complications after either approach resulted in statistically significantly higher Medicare expenditures (Table 5 ). However, even for patients without a documented complication, laparoscopy (vs open surgery) was associated with lower overall episode payments (−$3707; 95% CI, −$4664 to −$2751; P < .01). Among patients with at least one complication, laparoscopy was also associated with lower overall episode costs relative to open surgery (−$3041; 95% CI, −$5029 to −$874; P < .01).
Mechanism of Cost Savings From Laparoscopy
Readmissions were less common after laparoscopic surgery (vs open) for patients with (9.1% vs 15.4%, P < .01) and without (17.4% vs 21.3%, P < .01) a complication. For patients with vs without complications, undergoing a laparoscopic procedure statistically significantly reduced Medicare expenditures associated with readmissions, although the magnitude of the benefit was greater for patients with complications (−$10 647; 95% CI, −$13 371 to −$7923; P < .01) vs those without complications (−$2913; 95% CI, −$4325 to −$1501; P < .01). Likewise, Medicare expenditures for postacute care were less common with the laparoscopic (33.7%) vs open (47.2%) (P < .01) approach in patients without a complication. However, in patients with at least one complication, payment for postacute care services occurred at a similar rate between open (52%) and laparoscopic (50%) procedures (P = .18). When postacute care payments were present, laparoscopic surgery did not statistically significantly reduce Medicare expenditures for patients with or without a complication.
Discussion
Among Medicare beneficiaries undergoing colectomy in this population-based study, the use of laparoscopy was associated with lower overall expenditures compared with open surgery. However, the magnitude of this benefit was less than what is described in prior studies. This finding highlights the importance of fully accounting for differences in patient characteristics (eg, selection bias, with healthier patients undergoing laparoscopic surgery or open surgical procedures being more extensive) when evaluating different surgical procedures. This study also characterized the mechanisms by which laparoscopy reduces Medicare payments. Specifically, the benefits of laparoscopy are largely due to lower expenditures for complications, readmissions, and postacute care.
Complications were an important driver of higher costs. They were more common after open surgery, which resulted in more payments for readmissions and postacute care, which also increased costs. Nonetheless, total episode payments almost doubled when patients had a complication, regardless of operative approach. Whether the patient underwent open or laparoscopic surgery, complications resulted in marked increases in payments for readmissions and postacute care. Laparoscopic surgical procedures were, on average, less expensive. However, the relative costbenefit of laparoscopy over open surgery was attenuated when complications occurred.
When interpreting results of this study, it is important to consider how it differs from the existing literature. In clinical trials, patients are randomized to a particular treatment. Whether they receive a new intervention or the standard of care, they were enrolled in the trial because they are likely to benefit from the intervention, which creates selection bias. Generalizability is further limited by the inclusion of only experienced surgeons. 8, 22 Experienced surgeons are generally thought to have better results overall, which may artificially inflate the association of a new approach or technology. In contrast, observational studies are inclusive of diverse practice settings (surgeons with varying experience) and reflect the realworld application of new and existing technologies. Prior studies [4] [5] [6] [7] assert that laparoscopic colectomy results in lower episode payments, reductions in health care use, and faster return to work for patients. However, these studies must be interpreted within the context of their limitations. Patients undergoing laparoscopic surgery tend to be healthier and less obese and have more favorable anatomy. It is plausible that they would have fewer complications or consume less resources with any operative approach. Our study is novel because we are able to account for this selection bias using an instrumental variable approach. This work also shows that methods previously used for economic analyses can help answer difficult questions in surgical practice.
Limitations and Implications
There are several limitations to this study. Because we use Medicare data, our results may not be generalizable to all patients. However, colon surgery is more common in elderly populations, and we would not expect the delivery of laparoscopic or open surgery to differ in younger cohorts. Selection bias is a limitation of studies using administrative data. However, our study was designed to explicitly address this issue. It is plausible that our instrumental variable is a surrogate for hospital or surgeon quality. We addressed this limitation in showing that the instrument is not a statistically significant predictor of Medicare payments. The most common limitation of instrumental variable analyses relates to study design. Defining a suitable instrumental variable is difficult. Herein, we confirmed first that the instrument met the criteria outlined in our flow diagram (eFigure in the Supplement). Next, we confirmed mathematically that it conformed to the standards of exogeneity. This work has broad implications for comparative effectiveness studies using cost as an outcome. Many studies, in particular single-center analyses, use imperfect cost measures to generate conclusions. Charges (ie, what the hospital requests from the insurer as reimbursement) are misleading because they are often higher than actual payments. They are also not generalizable because they reflect individual hospitals' or health systems' negotiations with payers. Costs derived from ratios of costs to charges can be problematic as well. Although these figures tend to be more accurate than charges, they do not represent what was actually paid for services. Generalizability is also an issue because expected payments vary among hospitals and across different payers. By using actual Medicare payments, this study provides more accurate and generalizable estimates on which we can compare the financial implications of an evolving surgical technology.
This study also has direct clinical implications for insurers in addition to surgeons and hospitals that perform colon surgery. The cost-benefit of laparoscopy is accounted for in the time after the index hospitalization. This period should be a focus of payer-based incentive programs and quality improvement initiatives that aim to reduce costs for patients undergoing colectomy. Because complications are uniformly expensive after either approach, these efforts must be informed by individual surgeons' comfort or experience with laparoscopy. After all, certain surgeons actually have higher complication rates with the minimally invasive approach. 13 Nonetheless, most hospitals in the United States that perform colectomy or other major abdominal operations already use minimally invasive techniques. Incentive programs would, as a result, be generalizable to most practice settings.
